The high-degree conservation of CD8 T cell epitopes of influenza A virus (IAV) may allow T 14 cell-inducing vaccines effective across different strains and subtypes. This conservation is not 15 fully explained by functional constraint, since additional mutation(s) can compensate the 16 replicative fitness loss of IAV escape-variant. Here, we propose three additional mechanisms 17 that contribute to the conservation of CD8 T cell epitopes of IAV. First, influenza-specific 18 CD8 T cells may protect predominantly against severe pathology rather than infection and 19 may only have a modest effect on transmission. Second, polymorphism of human MHC-I 20 gene restricts the advantage of an escape-variant to only a small fraction of human pop-21 ulation, who carry the relevant MHC-I alleles. Finally, infection with CD8 T cell-escape-22
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Genotype frequency a number of studies suggest that they play a significant role in reducing pathology (high 144 IE P ). In humans, higher CD8 T cell responses prior to heterosubtypic virus infection are 145 associated with faster viral clearance (6) and fewer symptoms (7) . In support of human 146 studies, mouse experiments have shown the cellular immunity induced by H1N1 and/or 147 H3N2 is able to protect the hosts from lethal infection with avian H5N1 or H7N9 (20, 148 21, 22). CD8 T cells are likely to be less effective in preventing infection (very low IE S ), 149 although they may reduce the viral load during infection (modest IE I ). Consequently, the 150 selection pressure on a virus imposed by all CD8 T cell responses, 1 − (1 − IE S )(1 − IE I ), 151 will be relatively low. Furthermore, since a virus has multiple CD8 T cell epitopes, the 152 selective advantage of a variant that escapes CD8 T cell responses to a single epitope would 153 be considerably smaller (See Appendix for details).
154
In conclusion, although CD8 T cells may provide some protection against severe pathol-155 ogy, escape-variants having a mutated CD8 T cell epitope are unlikely to have much selective 156 advantage, even in the hosts with the relevant MHC-I that presents the wild-type epitope.
157
In other words, we expect s to be small.
158
Figure 1: Rate of invasion of a CD8 T cell escape-variant. (A) Contour plots show the number of generations on a log scale required for the escape-variant to increase from 0.01 to 50% prevalence predicted by Equation 1. The approximate time for this to occur is calculated by assuming a serial interval of 3-4 days between infections (i.e. that there are about 100 generations per year). Fitness cost is set to 1% (i.e., m = 0.01). (B) We show the time for invasion under different fitness costs, which goes from 0 to 10%. We see that even when the mutant does not have a fitness cost (m = 0), it will invade relatively slowly if s and f are small due to the nature of T cell protection and extent of MHC polymorphism. Ticks on the axes in (B) indicate the same numbers as in (A).
Parameter f .
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Escape-variants will only accrue an advantage in individuals of hh genotype. For example, 160 the R384G escaping mutation on the NP 383−391 epitope is advantageous in the hosts who drift, individuals typically get reinfected with a drifted strain every 5-10 years (23), and we choose the rate of loss of immunity corresponding to this duration (ω = 5 × 10 −4 /day ≈ 220 5.5/year). We begin the simulations with WT infections at equilibrium. In Figure 4 , we explore how the escape-variant (MT) spreads through the host popu-230 lation following its introduction. In particular, we focus on how compensatory immunity 231 changes the outcomes predicted by the population genetics models. In Panel 4A, we chose 232 a simple scenario where the MT has a very small fitness cost (m = 0.001), a 5% selective 233 advantage (s = 0.05) in 10% of the population (f 2 = 0.1), and compensatory immunity 234 reduces the selective advantage by 90% (c = 0.9). In this scenario, we see that the MT 235 now only transiently invades, and compensation in host immunity causes the frequency of 236 MT to decline as the population-level immunity against the MT increases. In Panel 4B, 237 we explore the consequences of changing the extent of compensation (c). We see that the 238 initial rate of invasion is very similar to what is predicted by the population genetics model.
239
However, once the MT has spread through the population, the outcome depends strongly The parameter regimes of s and f where either MT or WT becomes fixed (and the other becomes extinct). We see that as the degree of compensation rises, the parameter regime where MT becomes fixed shrinks.
Discussion
binding and prevents antigen presentation, and this mutation rapidly swept through the that the gradual escape of the virus from a CD8 T cell vaccine may be possible. 295 We have intentionally used simple models -this is because the empirical data does not 296 include accurate measurements of many of the key parameters that govern the generation 297 and spread of virus escape-variants. In these circumstances the results of simpler models 298 are typically more robust than those of complex models (29). This study identifies the 299 importance of measuring parameters such as the fitness of the wild-type and escape-variants in hosts, who have been previously infected with wild-type and both wild-type and escape-301 variants. Aspects that might be included in more refined models include: The waning of 302 CD8 T cell immunity over time, particularly due to the loss of resident memory cells from 303 the respiratory tract (30, 31), and the effect of stochasticity.
304
There are several differences in the ability of the influenza virus to evolve in response 305 to antibody and CD8 T cell immunity. First, antibody immunity can generate sterilizing 306 immunity (prevent infection with a matched virus strain) and thus generates substantial 307 selection for antibody-escape-variants. In contrast, CD8 T cell immunity to influenza does 308 not prevent infection and thus generates less selective advantage to a CD8 T cell-escape-309 variant. Second, an antibody-escape-variant will gain a selective advantage in the majority 310 of individuals with antibodies to the wild-type strain while a CD8 T cell-escape-variant will 311 have a selective advantage only in individuals of a particular MHC-I genotype. Both these 312 factors contribute to antibody rather than CD8 T cell immunity driving antigenic drift in 313 influenza.
314
Vaccination strategies that boost the CD8 T cell response may contribute to the de-315 velopment of broadly protective influenza vaccines. In this paper, we focus on whether 316 these vaccine strategies will rapidly select for virus escape-variants at CD8 T cell epitopes,
317
compromising the effectiveness of the vaccine. We show that this is unlikely to be the case.
318
Although it is generally viewed as a potential limitation that these vaccines may not com-319 pletely prevent infection, this fact, together with MHC polymorphism, greatly reduces the 320 selection pressure on the virus. Consequently, it may take a much longer duration for the 321 virus to evolve and escape vaccine-induced CD8 T cell immunity.
(Word count: 3,645)
Population genetics model 326
Equation 1 can be rearranged into
We then express t, the number of generation required for the MT to reach q t , by
The escape-variant can invade when K > 1, i.e., We define three types of immunity effectiveness (IE) as follows:
332
• IE S is the probability that an individual who have influenza-specific CD8 T cells does 333 not get infected upon a contact with an infectious individual 334 • IE P is the probability that an infected who have influenza-specific CD8 T cells does 335 not develop symptoms.
336
• IE I as the probability that an infected who have influenza-specific CD8 T cells does 337 not spread the virus.
338
The selection pressure on virus (S) is formulated by
The viral fitness after selection, 1 − S, is the probability of transmission within the host 340 population who have influenza-specific CD8 T cells, and can be expressed as the probability 341 that an immune individual gets infected (1 − IE S ) and spreads the virus (1 − IE I ).
342
Map of CD8 T cell epitope on influenza nucleoprotein 343 Epitope dataset was retrieved from Immune Epitope Database (www.iedb.org). We searched 344 for MHC class I-restricted linear epitope of influenza A virus (ID: 11320, FLUAV) in humans 345 with at least one positive T cell assay. We retrieved 1,220 records from IEDB, of which 346 514 were derived from NP. After excluding the records longer than 12 amino-acid residues 347 or with no HLA allele information available, records with the same amino-acid sequence, 348 with different sequences but at the same location of NP and presented by the same HLA 
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With the epitope and HLA allele datasets, we estimate the fraction of host population 360 affected on each amino-acid residue given that there is an escaping mutation, assuming 361 (1) the escaping effect is recessive and (2) the alleles of one locus are under HWE. For 362 a particular residue included in a number of epitopes, we denote the collection of unique 363 alleles that can present these epitopes, {h 1 , h 2 , · · · , h m }, by h. The mutant is able to escape 364 only from the hosts carrying both alleles from h, and the estimated probability of escape is 
